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SUMMARY OF RECENT ACTIVITIES

Introduction

Vertical crustal movement information has been derived from releveling
data collected by the National Geodetic Survey (NGS) in the western U.S. Our
objective is to determine to what extent this data base can contribute to our
understanding of geodynamic phenomena with emphasis on earthquake prediction
and seismic hazard evaluation. After critically examining the crustal move-
ment information from a geodetic perspective, the leveling results are inter-
preted in view of other relevant geophysical and geological data.

This report describes the more significant accomplishments of our
research effort, concentrating on results achieved during the past six months.
Our most recent work has been directed towards a reevaluation of Southern
California releveling observations (because of their importance for the
earthquake prediction problem) from the perspective supplied by analysis of
leveling throughout the entire U.S. Previous tectonic interpretations of
certain leveling measurements in Southern California (including some of
those used to define the Palmdale Bulge and preseismic deformation for the
1971 San Fernando earthquake) are significantly in error because they failed
to adequately account for spurious influences (ground water effects, system-
atic errors). Using newly developed techniques and reliability criteria
we have identified those southern California observations which appear to.
reflect tectonic deformation. Because tectonic deformation can often be
separated from spurious effects, the releveling data base remains a valuable
source of information on neotectonic activity with important implications for

earthquake prediction and seismic hazard evaluation.



Recent Results (for details of particular studies see appropriate appendix)

I. Neotectonic Deformation, Near Surface Movements and Systematic Errors

in U.S. Releveling Measurements: Implications for Earthquake Prediction

Analyses of U.S. releveling measurements indicate that derivative crustal
movement estimates may reflect tectonic deformation, near-surface movements,
and/or systematic errors. Discriminating the contributions of these factoxrs
is especially crucial for unambiguous geodetic detection of possible precursory
seismic deformations. While reliable leveling measurements of co-seismic and
post—-seismic movements are well documentea for some of the larger (M > 6)
dip-slip earthquakes, leveling evidence for pre-seismic motion is generally
sparse and often ambiguous. Subtle earthquake-related motions may be masked
by both aseismic movements and systematic errors. For example, deep magnma
injection and surficial groundwater withdrawal are two mechanisms which
have been documented to cause surface movements which, under some circum-
stances, could be misidentified as seismic~related. Of more concern, perhaps,
are systematic measurement errors. Topography dependent errors afe an
exceptionally troublesome type, perhaps affecting as much as 20% of U.S.
leveling. However, other varieties of systematic error also contribute to
the uncertainty. Discrepancies between leveling and tide gauge data and
within nets of leveling alone suggest large, long baseline accumulations of
error. In many cases, aseismic and erroneous contributions cannot be
unequivocally determined ex post facto. However, a comprehensive examination
of the NGS crustal movement data base, representing a large sampling of the
entire U.S. Level Net, provides perspective and criteria needed to begin
to recognize movement directly related to earthquake activity.

Perhaps the most extensive set of relevant measurements exists in



southern California, where much attention has recently been focused,
Reevaluation of some of these leveling observations indicates that while some
appear to reflect tectonic deformation, others are suspect because of indi-
gations of systematic errors and/or near-surface, non-tectonic movements,
Specifically, possible preseismic movements reported for the 1971 San Fernando
earthquake in the vicinity of the earthquake fault as well as approximately
30 km northwest of the epicenter may be due to systematic errors. Movements
near the San Gabriel fault, initially ascribed to the Palmdale Bulge and more
recently to preseismic effects of the 1971 San Fernando earthquake apparently
reflect near-surface sediment compaction due to water table fluctuations.
Similarly, there is strong evidence of contamination by rod calibration
errors in the releveling observations used to define the southwestern portion
of the "Palmdale Bulge'" (Llano to Azusa, California). The reality of the
"Palmdale Bulge" itself must be questioned in view of this reevaluation,

In contrast, possible tilting southwest of Palmdale between 1961 and 1964

is not easily related to systematic errors or near-surface movements and

thus may represent tectonic deformatioﬁ. Whether this tilt anomaly was

due to preseismic effects of the San Fernando earthquake or a mechanically

separate tectonic event is presently unknown.

II. Elevation Changes Near the San Gabriel Fault, Southern California

Analysis of repeated leveling observations in the vicinity of the San
Gabriel fault in Southern California indicate subsidence immediately south
of the fault relative to points to the north, south, and east. These
observations were previously interpreted as reflectiﬁg tectonic motions
associated with either the 'Palmdale Bulge' or with preseismic effects of
the San Fernando earthquake. Relative subsidence between 1953 and 1964

reaches approximately 9 cm and extends over a distance of more than 20 km.
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Subsidence occurs directly above the Saugus aquifer and shows a temporal
correlation with the history of water level decline within the aquifer, The
degree of subsidence of individual benchmarks is roughly proportional to the
product of aquifer thickness and water level decline at the location of the
benchmarks. These observations strongly suggest that movements of the
surface near the San Gabriel Fault, previously inferred to be of tectonic
origin, actually result from near surface sediment compaction within the

Saugus basin.

IIT. Time Behavior of Vertical Crustal Movements Measured by Releveling

in North America: A Geologic Perspective

I some areas geodetically determined rates (* mm/yr) are comsistent in
sign with geologic trends but 10 - 100 times faster. Although the reliability
of some of the leveling results is open to question, this "rate paradox"
suggests that any real contemporary movements are episodic or oscillatory.

In the U.S. midcontinent oscillatory movements with a period of approximately
3000 years are implies. Deformation in the Rio Grande rift (New Mexico and
Texas) and at Hegben Lake (Montana) has constant direction and similar rates
for the past 50 - 100 yr (excluding the 1959 coseismic movement at Hegben
Lake), though geologic evidence indicates transitory behavior in the long
term (=10,000 years). In Oregon and Washington, 10-50 yr span releveling
shows more or less constant-rate landward-tilt of the relatively aseismic
coastal ranges that is consistent with the deformation rate of marine terraces
(230,000 yr) and underlying strata (36,000,000 yr). 1In contrast to the 50 -
100 yr span constant rates above, releveling in some seismically active

areas (e.g. Alaska and California) suggests rapid rate changes. However the
examples presented here suggest that in areas free of major earthquakes,’

rates from releveling, although high in a geologic sense, can likely be

extrapolated for 50 years.
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CONCLUSIONS AND RECOMMENDATIONS

In spite of laudable progress in developing sophisticated new geodetic
methods (e.g., VLBI, Laser Ranging, GPS) releveling measurements continue
to be the most accurate (over appropriate distances) and widespread source
of information on contemporary vertical movements of the continental cfust.
As such they constitute an important input to the earthquake prediction
problem. Previous investigations clearly demonstrate the potential of the
technique for monitoring subtle earth movements. However, it is equally
clear that releveling estimates of crustal movement are influenced by near-
surface movements and as yet poorly understood systematic errors which
can obscure or be mistaken for tectonic deformation. Thus, uncritical
interpretation of releveling observations can lead to erroneous tectonic
conclusions, which in the case of earthquake prediction could entail serious
social ramifications. The checking techniques (e.g., circuit closure analysis)
and reliability criteria developed by our group, represent an attempt to
quantify specific procedures for evaluating the tectonic significance of
particular leveling data sets. Although not foqlprpof, these procedures
have proven effective in a number of cases at discriminating tectonic
movements from suspect effects. However, even when spurious effects can be
eliminated, relating observed deformation to preseismic mechanisms may be
quite difficult because of the limited understanding of precursory phenomena
and the general inability to distinguish them from vertical movements due to
other causes (e.g., magmatic activity, isos;atic movements, orogenic deforma-
tions, etc.). Integrating other geophysical and geological information with
the leveling results, a major part of our program, is an essential element
for proper interpretation.

Substantial progress has been made towards evaluation of releveling



T

evidence for tectonic activity in the U.S, Yet, the implications of many of
these measurements remains unclear. Our new techniques for identifying
spurious observations and the massive releveling program currently underway
by the NGS, hold considerable promise for resolving many of the remaining
interpretational problems. Our future effort has been greatly facilitated
by the installation of a fully automated leveling data base at the NGS,

and development of programs specifically designed for geodynamic analysis

at Cornell. The social and scientific importance of understanding
contemporary movements of the crust is at least as great now as it was when
work on this problem began at Cornell. They require that the remaining
uncertainties concerning proper interpretation of releveling observations

be resolved so that this information can be effectively applied to earthquake

prediction and seismic hazard evaluation.
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NEOTECTONIC DEFORMATION, NEAR SURFACE MOVEMENTS AND
SYSTEMATIC ERRORS IN U.S. RELEVELING MEASUREMENTS:
IMPLICATIONS FOR EARTHQUAKE PREDICTION
by
Robert Reilinger and Larry Brown
Department of Geological Sciences
Cornell University
Ithaca, NY 14853

Abstract

Analyses of U.S. relevel%ng neasurements indicate that derivative
crustal movement estimates may reflect tectonic deformation, mnear-surface
movements, and/or systematic errors. Discriminating the coantributions of
these factors is especially crucial for ﬁnambiguous geodetic detection of
possible precursory seismic deformations. Wnile reliable 1leveling
measurements of co-seismic and post-seismic movements are well documented
for some of the larger (M > 6) dip-slip earthquakes, levelinz evidence for
pre-seismic motion is generally sparse and often ambiguous. Subtle
earthquake-related motions may be maéked by both aseismic movements and
systematic errors. For example, deep magma injection and surficial
groundwater withdrawal are two mechanisms which have been documented to
cause surface movements which, under some circumstances, could be
misidentified as seismic-related. Of more concern, perhaps, are systematic
measurement errors. Topography dependent errors are an exceptionally
troublesome type, perhaps affecting as much as 20% of U.S. leveling.
Howaver, other varieties of systematic error =also contribute to the
uncertainty. Discrepancies between lev.-ling and tide gauge data and witﬂin
nets of leveling alone suggest large, long baseline accumulations of error.
In many cases, aseismic and erroneous contributions can not bhe

unequivocally determined ex post facto. However, a comprehensive



examination of the NGS crustal movement data base, iepresenting a large
sampling of the entire U.S. Level Net, provides perspective and criteria
needed to begin to recognize movement directly related to earthquake
activity. Re-examination of certain observations from southern California
illustrate both the effectiveness and limitations of this approach. It is
clear that more frequent, more extensive, and better counstrained
observations are needed before leveling achieves its full potential in

earthquake prediction research.

Introduction

Vertical movements of the earth’s crust are comménly expected to
accompany the various phases of strain buildup and release associated with
najor earthquakes. Observations of vertical co-seismic and post-szismic
movenents using precise leveling are well-documented. However, reports of
preseismic movement in the U.S. are rare and, as will be argued,
questionable. Recognition of true pre-seismic motion is complicated by
systematic leveling errors, near—-surface non-tectonic processes (e.g.,
fluid withdrawal), the general lack of sufficiently redundant and extensive
surveys, and the fact that significant changes in elevation have been
identified which are unrelated to earthquakes. Such "noise" could easily
hide a pre-seismic signal. Considerable wuncertainty exists as to the
extent and magnitude of these obscuring '"movements". Direct determination
of their effects is often extremely difficult. However, some perspective
on these problems can be obtained from empirical analyses of existing
leveling (Figure 1). Such an analysis forms the basis of this report.

Perhaps, the most extensive set of relevanﬁ meaasurenents exists 1in

southern California, where mnuch attention has recently been focused.
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Reevaluation of some of these leveling observations in light of empirical
criteria developed froa broadsr analysis using most of the available U.S.
releveling indicates that while some appear to reflect tectonic
deformation, others are suspect because of indications of systematic errors
and/or near-surface, non-tectonic movements. Specifically, possible
preéeismic movements reported for the 1971 San Fernando earthquake in the
vicinity of the earthquake fault as well as approximately 30 km northwest
of the epicenter may be due to systematic errors. Movements near the San
Gabriel fault, 1initially ascribed to the Palmdale Bulge and more receatly
to preseismic effects of the 1971 San Fernando earthquake apparently
reflect near-surface sediment compaction due to water table fluctuations.
The reality of the "Palmdale Bulge" itself has been questioned because of
evidence of topography related systematic errors (Jackson and Lee, 1979;
Strange, 1980). In contrast, possible tilting southwest of Palmdale
between 1961 and 1964 1is not easily related to systematic errors or near-
surface movements and thus may represent tectonic deformation. Whether
this tilt anomaly was due to preseismic effects of the San Fernando
earthquake or a mechanically separate tectonic event is presently unknown.
This paper reviews some of those‘ factors that must be considered when
attempting to extract tectonic information, especially that relevant to
earthquake prediction, from historic releveling observations. Evidence for
the extent and nature of systematic errors, non-tectonic movements, and
tectonic deformation (both earthquake related ' deformation and tectonic
novenents unassociated with earthquakes) from U.S. releveling measuremeats
is presented. Specific criteria to help recognize suspect movements are
developed and illustrated with their application to a reevaluation of

certain southern Californmia leveling results of particular interest to the
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earthquake prediction problem.

Systematic Errors in Leveling

At the root of much of the current debate regarding leveling-derived
estimates of crustal motion is the prevailing uncertainty as to the role of
systematic measurement efrors. In particular, systematic errors which
accunulate with relief have become a central issue in crustal movement
research . While errors of this typs have been known to geodesists for
some time (e.g., Bomford, 1971), their influence has been considered toco
small to be of concern in most geodetic applications. However, new field
experiments carried out by the National Geodetic Survey (NGS: Holdahl,
1980) and empirical analyses (Brown et al., 1980) confirm earlier
suspicions (e.g., Savage and Church, 1974; Brown and Oliver, 1976; Citron
and Brown, 1979; Jackson and Lee, 1979; Chi et al., 1980) that topography-
induced systematic errors are largef and more common than heretofore
established and consequently that such errors can be and probably have been
misinterpreted as tectonic motions of the crust.

Topography-correlated errors can arise from improperly calibrated
leveling rods and from unequal atmospheric refraction of the foresight and
backsight readings. The effects of these two sources of error should
differ in a number of respects and thus in principle can be distinguished.
For example, ficticious movements resulting from rod calibration errors
should correlate rather closely with detailed topography, and change
nagnitude only where rod pairs are changed. In contrast, atmospheric
refraction will be independent of the rods wused in the survey-.
Furthermore, refraction errors can be expected to accumulate in a more

complex manner because refraction depends on a variety of parameters which
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nay vary sigunificantly during the course of a given survey (e.g., .near
surface temperature gradients, individual sight lengths, wind, etc.). In
addition, because of procedural changes (a tendency towards shorter sight
lenzths in newer surveys) atmospheric refraction should more often than not
result in ficticious movements which show a positive correlation with
topography (i.e., high areas will appear to be rising) while errors due to
rod miscalibration should have mno preference . for positive or mnegative
correlations. In practice, these distinctions are not always easy to draw.
However, a preliminary survey of NGS releveling estimates of elevation
change which correlate with topography indicates that about 757% displaf
positive correlations. Furthermore, the -'suspected errors seem too large

and too common to be attributed to rod miscalibration. For these reasons,
refraction appears to be the more pervasive source of elevation correlated
error.

The expected magnitude for refraction error is a point of considerable
uncertainty. According to one approximation (i.e., Kukkamaki, 1938), this
error is proportional to the height difference between benchmarks, the
temperature -difference between 0.5 m and 2.5 m above the ground, and the
square of the sight length used in the observation. Figure 2 shows
representative values for refraction error using constants.given by Holdahl
(1939). For reasonable temperature differences (1-2 degrees C) and sight
lengths (25-75 m), errors as large as 30-40 m©mm or more can easily
accunulate over height differences of 100 m (300-499 ppm). Since
refraction error will usually have the same sign, its effect should tend to
cancel when differencing surveys to conpute movement. This rationale has
often been wused as an argunent for ignoring the effect. However, if

.

surveys are conducted using different sight lengths and/or under different
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nicrometeorological conditions, the refraction effect will result in what
appear to be movements that correlate with relief;

Exémples of apparent movement correlating with elevation ar« numeroué
(Brown et al., 1980). Approximately 207 of U.S. releveling observationé
show visual correlations between apparent movement and topography; The
magnitude of the effect often reaches 30-40 mm per 100 m change iﬁ
elevation. Although, correlation with topography alone is insufficientAto
varrant rejection of a tectonic interpretation (e.g., see Reilinger et al.,
1977), it is clearly grounds for suspicion. For example, Figure 3a shows
apparent vertical movements and terrain along the route from Colorado
Springs to Leadville, Colorado based on surveys conducted in 1925, 1953,
and 1954. The reversal of the 1953-1925 apparent tilt for the period
1954-1953 and the close correlation with terrain (Figure 3b) sirongly
suggest elevation correlated error. Since elevation-dependent errors may
contaminate a significaant portion of the NGS releveling data base, éhe
possibility of such errors must always be considered prior to invoking
tectonic explanations for afparent movements which correlate with relief.

Topography dependent error is not the only type of systematic error
affecting U.S. leveling measurenents. Table 1 1lists a number of areas
where comparison of repeatad leveling measurements show large systematic
discrepancies which may be due to errors in the observations. Theée

xamples occur in areas of generally subdued relief, thus ruling out

elevation-correlated errors. If leveling errors are solely responsible for
thaese disarepancies, whatever their cause, they range in magnitude from .3
an/ka to 1 mm/km arnd remain systematic (i.e., accumulate nonotonically) for
distances ranging from about 190 km to over 500 km.

Figure 4 shows three different estimates of elevation change (assuming
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constant rates of wmovement over the time period between levelings) alorng
the east coast of the U.S. from Maine to Florida: 1) from unadjusted
leveling measurements; 2) from tide gauge records (squares); and 3) from
the same levelinz observations adjusted with standard 1least squares
procedures for «consistency with other repeated leveling lines which form
circuits extending inland from the coast (tide gauge data were not used in
the adjustment, Jurkowski et al., 1979). The leveling measurements span an
approximately 30 yr. time interval. The fact that the relative movement
between Maine and Florida is substantially reduced through the adjustmeat
and the fact that the adjusted leveling profile is more consistent with
tide gauge data (although serious discrepancies still remain) indicate that
the regional mnorth-south tilt results from systematic errors in the
leveling observations. The error remains more or less systematic over
distances of 1000°s of kilometers, and on some sections (e.g., 1800-2600
ka) reaches .5 rm/km.

Comparison of 1leveling and tide gauge estimates of crustal_movement
along the west coast of the U.S. between Astoria, Oregon, and Crescent
City, California show similar discrepancies (Brown et al., 1980). Unlike
the east coast profile, apparent crustal movements along the west coast
were derived from only two surveys and were thus not subject to possible.
temporal bias due to stringing together segments covering different time
intervals. For the west coast profile, the north-south error reaches .3
m/km and remains systematic over a distance of 2330 kn.

The cause of the apparent errors in these coastal surveys is presently
unknown . The substantial reduction of the apparvent tilt indicated by the
east coast profile when adjusted with inland data suggests that the error

may be related to the proximity of the leveling route to the coast (i.e-.,
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the error did not effect, or had less of an effect, on profiles further
inland)}. Alternatively, the predominantly north-south orientation of the
coastal profiles way suggest unequal lighting or other factors which are
believed to preferentially accumulate primarily .on .north-south 1liunes
(Bomford, 1971). UV

Suspect movements are not restricted to coastal profiles. For example,
consider the large apparent tilt across the U.S. midcontinent identified by
Brown and Olivaer (1976) from releveling between Davis Junction, Illiunois
and Willard, Ohio (Figure 5). This tilt is perhaps the largest apparent
movement defined by leveling in the eastern U.S. The tilt anomaly shows no
relationship to geologic structure and is inconsistent with movements
inferred from comparisons of water level gauges in the great lakes (Brown
and Oliver, 1976). Figure 5 shows the results of a loop closure analysis
(see Chi et al., 1980 for discussion of method) for circuits including the
Davis Junction to  Willard route. The fact that misclosures are
considerably larger whem the circuits are closed with the 1967-1969 surveys
between Davis Junction and Willard than with the 1930-1947 surveys, even
though the remainder of the loop was surveyed more closely in time to the
1967-1969 interval, suggests that the large apparent tilt of the interior

be
plains may/due to systematic error and not real ground motion- Such an
error would have to reach 1 mm/km and remain systematic for distances of
well over 500 km.

In both the coastal and interior examples cited above, the
discrepancies are characterized by consistent accumulation over large
distances. Although the net effect over a profile can be large, the tilt

rates 1involved are rather 1low, especially when compared with those

exhibited by unequivocal examples of real movement. Tilt may therefore be
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the more diagnostic parameter in evaluating reliability of crustal movement

estimates.

Near-Surface Movements

In addition to systenmatic errors, releveling mwmeasureuments are
influenced by near-surface movements which can mask, or be mistaken for
deep-seated tectonic motion. Table 2 lists some near-surface effects which
can be inmportant in crustal movement studies. Benchmark instability and
surface failure (e.g. nine collapse) are often easily identified or of
such local extent that they are not a serious problem for regional tectonic
studies. Such effects can, howaver, complicate local investigations - for
example, of movements near earthquake faults. In fact near-surface soil or
sediment compaction due to earthquake ground-shaking may be responsible for
the predominance of subsidence over uplift near many earthquake faults
(Savage and Hastie, 1966). Subsidence due to surface 1loading and fluid
withdrawal is, in general, easily related to human activity. In fact,

leveling has proven quite effective at monitoring such movements, with

important engineering applications (e.g., Poland and Davis, 1969).

=4

However, near-surface movemnents, and din particular movements due to
variations of water levels in aquifers, appear to be more widespread than
previously reported. In addition, such effects can be subtle and

subsequently nmisidentified as tectonic deformation.

Figure &6 shows releveling profiles in the. U.S. which indicate
subsidence relative to surrounding areas and which overlie aquifer systems
whalch have experienced variations inm water levels due either to pumpiag or
natural causes. These movements may therefore represent sediment

compaction associated with these water 1level wvariations, and are
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consequently suspect as indicators of tectonic wmotion. It is interesting
to note from Figure 6 that these apparently near-surface movements are
quite common in southern California, affecting much of the area peripheral
to the Palmdale Bulge. Arguments will be presented later suggesting that in
at least one case such groundwater subsidence in southern California has
been misidentified as tectonic uplift.

A particular example, not previously reported, which dillustrates
criteria which can be used to recognize near-surface sediment compaction is
the relative subsidence of the Los Angeles basin. TFigure 7 gives a map of
the L.A. Basin showing contours of basement depth and the location of a
leveling route traversing the basin. Also shown are the elevation changes
along the leveling route and the history of water level decline measured in
an observation well near the centeerf the basin. Subsidence near the
center of the basin reaches 15 cm relative to the periphery and extends
over a distance of 40 km. The observed subsidence correlates spatially
with aquifer geométry and temporally with the history of water 1level
decline. In addition, the magnitude of the effect (i.e., the ratio of
subsidence to water level decline) is comparable to observations in other
areas (Poland and Davis, 1959). Had the relationship between aquifer
geometry and subsidence not been noticed, it 1s possible that these

measureaents could have been misinterpreted as tectonic motion.

Vertical Movements and Earthquakes

In spite of the substantial difficulties associated with releveling
estimates of crustal movement, sone of which have been described in
previous sections, the capability of the leveling technique for monitoring

tectonic earth movements is well established. In a2 unumber of cases,
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relatively subtle earth movements (i.e., tilts few x 10_6 rad and tilt
rates few x 10*8 rad/yr) have been identified. In this section we briefly
review releveling evideance for earthquake related deformation in the U.S.
and use specific examples to illustrate some of the criteria employed to
identify real tectonic movements.

The best examples of tectonic deformations measured by leveling in the
U.S. are vchuose in the vicinity of major earthquakes. Figure 8 and Table 3
review those U.S. earthquakes for which vertical movements have been
reported. All of these earthquakes are associated with faults that have a
significant component of dip-slip movemant (with the possible exception of
the 1940 Imperial Valley earthquake). Up to the present, there is no clear
evidence from U.S. releveling measurements for permanent vertical
deformation associated with purely strike-slip faulting although present
observations are not sufficient to rule this out.

The most obvious vertical movements are those accompanying the
earthquake (coseismic). Coseismic deformation has been well-documented for
several of the larger (M > 6) normal and thrust earthquakes which have
occurred in areas of preexisting geodetic control (Table 3). Observed
movements range in magnitude from a few cm to a few m depending on the size
of the earthquake and the proximity of the leveling measurements to the
epicentral area. In general, coseismic movements are well explained by
elastic dislocation theory (Savage and Hastie, 1965) although complications
can arise from such factors as near-surface soil or sediment compaction due
to ground shaking.

Post-seismic vertical movements have also been obsarved by releveling
for some of the larger dip-slip earthquakes (see Table 3). These movements

are usually smaller than associated coseismic movements; however 1like
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coszismic movenents they can often be identified by their close spatial and
temporal association with earthquakes, and in some cases surface faulting-
Where sufficient observations exist, post-seismic deformation rates appear
to decrease exponentially from the time of the earthquake. For example,
movements near Anchorage following the 1964 Alaska earthquake are shown in
Figure 9 (Brown et al., 1977). The Alaska earthquake, one of the largest
events ever recorded, occurred where the oaceanic Pacific plate 1is being
thrust under the continental North Americaa plate at a rate of over 5 cm/yr
(Plafker, 1972). Savage and Hastie (1966) and Hastie and Savage (1970),
using a dislocation model of thrust faulting, showed that the coseismic
displacements were consistent with low-angle thrusting- Post-seismic
movements near Anchorage (Figure 9) amounted to as much as 0.55 m of land
uplift at an exponentially decreasing rate duringz the decade following the
earthquake. Additional evidence fér deformation following the Alaska
earthquake was reported by Prescott and Lisowski (1977) from analysis of
detailed leveling arrays on Middleton Island in the Gulf of Alaska. Tilts
associated with the Alaska post—seismic movements were on the order of 10-—5
to 10 = rad. There is still considerable debate as to the mechanisn
responsible for post-seismic movements, but at least some of the
observations appear consistent with after-slip on the fault, or an
extension of the fault that ruptured during the earthquake, althouzh other
explanations have been proposed (e.g., Nur and Mavko, 1974; Scholz, 1972).

While co-seismic and post-seismic movements are well established fqr
at least some earthquakes, clear evidence for preseismic deformation from
U.S. releveling measurements is quite rare. This may be due to a lack of
appropriate measurements as opposed to the absence of such novements since

it is unusual to have multiple levelings of sufficient proximity prior to
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